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Abstract 

Aging-related loss of muscle mass, a biological process named sarcopenia, contributes to mobility impairment, falls, 
and physical frailty, resulting in an impaired quality of life in older people. In view of the aging of our society, 
understanding the underlying mechanisms of sarcopenia is a major health-care imperative. Evidence obtained from 
human and rodent studies demonstrates that skeletal muscle denervation/reinnervation cycles occur with aging, and 
that progressive failure of myofiber reinnervation is a major cause of the accelerating phase of sarcopenia in advanced 
age. However, the mechanisms responsible for the loss of myofiber innervation with aging remain unknown. The two 
major strategies that counteract sarcopenia, that is, caloric restriction and endurance training, are well known to 
protect neuromuscular junction (NMJ) integrity, albeit through undefined mechanisms. Interestingly, both of these 
interventions better preserve PGC-1a expression with aging, a transcriptional coactivator which has recently been 
shown to regulate key proteins involved in maintaining NMJ integrity. We therefore propose that the aging-related 
decline in PGC-1a may be a central mechanism promoting instability of the NMJ and consequently, aging-related 
alterations of myofiber innervation in sarcopenia. Similarly, the promotion of PGC-1a expression by both caloric 
restriction and exercise training may be fundamental to their protective benefits for aging muscle by better preserving 
NMJ integrity. 
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Review 

Introduction 

One of the most significant changes associated with nor- 
mal aging is a progressive loss of muscle mass and 
strength, a biological process defined as sarcopenia [1]. In- 
deed, sarcopenia is considered as the major factor leading 
to mobility impairment, falls, and physical frailty in older 
people [2,3], dramatically impairing quality of life of 
afflicted individuals. Underscoring the magnitude of 
sarcopenias impact, in 2002, a study conducted in the 
United States revealed that approximately 64% and 31% of 
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men and women aged 60 and older, respectively, had a 
height-normalized muscle mass that was below the lower 
boundary of the range seen in a healthy young adult (YA) 
population [4]. Further to this point, the health-care costs 
attributable to sarcopenia are considerable, where it was 
estimated at $18.5 billion dollars for the year of 2002 in 
the United States [4], Since the proportion of individuals 
over 60 years old is rising steadily and is expected to reach 
22% of the worldwide population in 2050 [5], unraveling 
the mechanisms involved in sarcopenia to promote devel- 
opment of the most effective therapeutic interventions is 
one of the major challenges facing health research. 

The etiology of sarcopenia is extremely complex and 
continues to be the focus of intensive research. Many 
different biological mechanisms are proposed to contrib- 
ute to sarcopenia, including a decrease in circulating 
levels of anabolic hormones and decrease in the anabolic 
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response of aged myofibers [6,7], low-grade chronic inflam- 
mation [8-10], activation of proteolytic pathways and de- 
creased protein synthesis [11-13], decline in satellite cell 
activation and proliferation [14-16], increased oxidative 
damage secondary to mitochondrial reactive oxygen species 
(ROS) overproduction, accumulation of mitochondrial dys- 
function and activation of mitochondrial-mediated apop- 
tosis [17], and alterations in the nervous system [18-20]. 
The relative contributions of all of these suspects are still 
unclear and require further study. 

Compelling evidence collected over the last few de- 
cades places denervation, a potent inducer of muscle at- 
rophy [21], as one of the most significant factors driving 
sarcopenia, particularly the selective atrophy of an in- 
creasing abundance of muscle fibers in advanced stages 
of sarcopenia where the functional consequences are 
most likely to have clinical impact [22]. As will be 
discussed in detail below, skeletal muscle fibers undergo 
progressive cycles of denervation and reinnervation 
with aging. In this scenario, muscle atrophy is thought 
to accelerate when the rate of denervation outpaces the 
rate of reinnervation. Support for this view is derived 
from the fact that two of the most efficient strategies to 
slow down sarcopenia, that is, endurance training (ET) 
and caloric restriction (CR), both positively influence 
the integrity of the neuromuscular junction (NMJ) in 
aged muscles [23]. However, the mechanism(s) driving 
the denervation/reinnervation cycles occurring with 
aging, as well as progressive failure in reinnervation, re- 
main largely unknown. 

In the present perspective paper, we will first briefly re- 
view the literature in support of denervation as a primary 
cause of aging-related muscle atrophy. We will then dis- 
cuss the role that aging-related changes in peroxisome 
proliferator- activated receptor gamma coactivator 1 -alpha 
(PGC-la) expression may have in sparking denervation/ 
reinnervation cycles and in turn, in precipitating aging 
muscle atrophy. To support our hypothesis, recent find- 
ings indicating that PGC-la regulates the expression of 
key proteins involved in the maintenance of the NMJ, as 
well as the documented effects of CR and ET on muscle 
aging and PGC-la, will be discussed. 

Denervation as a primary cause of sarcopenia 

Compelling evidence exists that denervation is a central 
process in sarcopenia and experimental data supporting 
this view shows involvement from the peripheral ner- 
vous system all the way to myofibers. Details of this 
issue are discussed below. 

At the spinal cord level, aging is associated with a 
gradual decrease in the motor neuron number. One of 
the very first studies that investigated the effect of aging 
on motor neuron number in humans was conducted in 
the late 1970s by Tomlinson and Irving. By estimating the 



number of motor neurons in the lumbosacral segments 
from cadavers of previously healthy individuals, these in- 
vestigators reported that there was an average loss of total 
motor neurons throughout life of approximately 25%, with 
a sizeable fraction of subjects older than 60 years showing 
motor neuron counts of only 50% of those in early adult 
or middle age [24] . Interestingly, no sign of motor neuron 
loss was found up to the age of 60 years. These findings 
have been corroborated by many other studies that have 
also reported an aging-related reduction in motor unit 
(MU) number and/or a reduction in both the number and 
diameters of motor axons in human ventral roots [25-28] . 
Importantly, this aging-related decline in motor neuron 
number in humans is also a well-established feature of 
neuromuscular aging in rodents [22,23,29,30] . 

In line with these changes in the spinal cord, the num- 
ber of downstream excitable MUs - with an MU defined 
as all of the muscle fibers that are innervated by a single 
motor neuron - was found to be decreased in aged indi- 
viduals using the electrophysiological technique of motor 
unit number estimation (MUNE) [31-35]. In addition, sev- 
eral studies also reported that aging is associated with en- 
largement of MUs in humans [34-36] as well as in rats 
[37,38]. This lower number and larger size of MUs in aged 
muscles indicate that at least some of the myofibers that 
become denervated are reinnervated by axonal sprouting 
and expansion of existing MUs [39]. Furthermore, the 
characteristic fiber type grouping seen with increasing age 
in both humans [18,40-44] and animal models [45-47] is 
further evidence of repeating cycles of myofiber denerv- 
ation followed by reinnervation through axonal sprouting 
from adjacent motor axons. 

In addition to alterations in MU number and size, there 
are also marked changes at the level of the NMJ in both 
aging rodents [23,48-53] and humans [54,55]. Among the 
most convincing evidence that NMJs undergo aging- 
related deterioration was provided in a study conducted by 
Balice-Gordon in the late 1990s [53], in which an in vivo 
imaging approach was used, allowing the monitoring of 
the same NMJ repeatedly over time in living animals. 
Using these elegant techniques, Balice-Gordon observed 
that a significant portion of mouse NMJs display a grad- 
ual loss of motor terminal branches and dispersal of 
postjunctional acetylcholine receptor (AChR) clusters 
on myofibers with aging [53], such that the vast major- 
ity have undergone significant losses of pre- and post- 
synaptic sites in very advanced age (24 to 36 months) 
[53]. Many studies supporting these initial findings have 
since been conducted. For example, using transgenic 
mice in which motor axons were indelibly labeled with 
fluorescent proteins and by labeling AChRs with fluo- 
rescently tagged a-bungarotoxin, Valdez et al. reported 
that at 24 months in mice, around 80% of the NMJs 
were fragmented and approximately 15% of the NMJs were 
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denervated in the tibialis anterior muscle [23]. Interest- 
ingly, in a study of Fisher 344 rats that did not yet exhibit 
signs of aging muscle atrophy, Deschenes et al observed 
significant remodeling of the NMJ morphology in both so- 
leus and plantaris (PL) muscles, although changes seen in 
soleus muscle were more modest [48]. On the basis of 
these results, Deschenes and colleagues suggested that im- 
pairment in the integrity of the NMJ morphology precedes 
aging muscle atrophy, and consequently that alterations of 
myofiber innervation play a causal role in sarcopenia. 

At the myofiber level, strong support in favor of denerv- 
ation has accumulated over the last few decades. Indeed, 
in elegant glycogen depletion experiments, Ansved and 
colleagues demonstrated that fibers belonging to individ- 
ual MUs had a much higher probability of being beside 
one another with increasing age [37]. In addition, aged 
muscles are characterized by high level of myosin heavy 
chain (MHC) coexpression (that is, fibers expressing more 
than one MHC isoform) [42,45,46,56,57], a phenomenon 
thought to arise from aging-related denervation [22,58]. 
Among the arguments in favor of this interpretation is the 
fact that experimental/surgical denervation induces a high 
level of MHC coexpression within myofibers [59,60]. In 
addition, we recently demonstrated that MHC coexpression 
and myofiber atrophy in aged rat muscle are directly linked 
to a molecular marker of denervation [22]. Specifically, we 
showed that myofibers that expressed the sodium channel 
isoform - voltage-sensitive sodium channel 1.5 (Nav L5 ) - an 
isoform that is only seen in adult muscle following denerv- 
ation [61,62] - were on average 35% smaller than the inner- 
vated fibers, whereas innervated fibers in aged muscle were 
only 7% smaller compared with YA muscle [22]. Most im- 
pressively, 90% of the severely atrophied fibers (that is. 
cross-sectional area <1000 um 2 ) were positive for Nav 15 , 
and more than 70% of the fibers that coexpressed fast and 
slow MHC together were positive for Nav L5 . Therefore, 
available evidence implicates denervation as the primary 
cause of both MHC coexpression and myofiber atrophy in 
severely atrophied aging skeletal muscle [22]. 

Taken together, the experimental findings discussed 
above (summarized in Figure 1) converge to indicate that 
denervation is a central process leading to sarcopenia, par- 
ticularly so when the rate of muscle atrophy accelerates in 
very advanced age and is, therefore, most likely to precipi- 
tate functional impairment. The question that still remains 
is whether cycles of denervation and reinnervation are 
myofiber- or motor neuron-driven (or both). Although it 
may appear obvious to the reader that these alterations 
should arise from the progressive loss of motor neurons, 
strong rationale exists for the alternate possibility that the 
early changes in MU organization may arise from signals 
originating in the myofiber compartment. First, recent data 
shows that NMJ deterioration and histological markers of 
repeating denervation and reinnervation cycles in aging 




Figure 1 Aging-related changes of the neuromuscular system: 
the central role of denervation. To illustrate the main 
aging-related changes of the neuromuscular system that identify 
denervation as a primary cause of sarcopenia, schematic 
representations of adult (A) and aged (B) neuromuscular systems 
are presented. Key features of neuromuscular aging, all indicative of 
denervation, are highlighted as follow: loss of motor neurons 
(normally located in lamina IX of the spinal cord; not represented for 
clarity purposes) (1), decrease in both axon number and diameter 
(2), fiber type grouping (3), increase in myosin heavy chain 
co-expression (4), and appearance of fragmented or denervated 
neuromuscular junctions (5). See main text for more details. 



muscle occur prior to the loss of motor neurons in the 
spinal cord [63]. In addition, it has also been shown in 
mice selectively overexpressing the uncoupling protein 1 
in skeletal muscle, an alteration which induced patho- 
logical uncoupling of mitochondrial oxygen consumption 
from adenosine triphosphate (ATP) production, that retro- 
grade signals from the myofiber can lead to NMJ deterior- 
ation and motor neuron axonal die-back [64]. Further to 
these points, a mouse model engineered to overexpress 
neurotrypsin, an endogenous protease that cleaves and in- 
activates agrin at the NMJ, recapitulates key features seen 
in normally aging muscle including fiber type grouping, 
fiber loss, MHC coexpression and selective fiber atrophy, 
and this occurs without a decline in spinal cord motor 
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neuron number [65]. In light of these findings, it there- 
fore appears reasonable to think that changes at the 
myofiber level may be central components in initiating 
the aging-related denervation-reinnervation cycles. As 
will be discussed in the subsequent sections, recent 
findings converge to indicate that aging-related changes 
in PGC-la expression in myo fibers may be an import- 
ant process triggering the onset and development of 
changes in the NMJ with aging. 

Protective effects of endurance training and caloric 
restriction in aging muscle: a role for PGC-la 

Among the most widely studied strategies to counteract 
sarcopenia are ET and CR. Both of these strategies are 
known to attenuate the age-related loss of muscle mass 
[66-68], as evidenced by higher muscle mass in old CR and 
ET animals as compared to old control animals [66,67] and 
higher fiber cross -sectional area in ET old humans as com- 
pared to old sedentary humans [68]. CR in particular not 
only attenuates aging muscle atrophy but also promotes a 
remarkable preservation of muscle contractile and meta- 
bolic capacities [66,69]. Interestingly, CR was also shown 
to attenuate the decline in muscle PGC-la that occurs 
with normal aging. Although the initial interpretation of 
the consequences of maintenance of PGC-la by CR was 
that this was preserving mitochondrial protein renewal and 
thus, mitochondrial function [69], more recent results sug- 
gest an alternate interpretation may apply. Specifically, al- 
though PGC-la is best known for its role in promoting 
mitochondrial biogenesis, it also plays a key role in regulat- 
ing the expression of several components of the NMJ in 
the muscle fiber [70]. As will be detailed below, this role of 
PGC-la suggests the impact of both the decline in muscle 
PGC-la with normal aging and its preservation by CR and 
ET may have significant impact on the integrity of the 
NMJ with aging. 

In an elegant study, Valdez et al. found in mice that 
were either calorie restricted or endurance trained there 
was superior maintenance of NMJ integrity during aging 
[23]. Although a remarkable diversity of mechanisms are 
regulated by ET and CR, one of the best characterized 
and common effects of both strategies is that they in- 
duce an increase in the expression of PGC-la (see [71] 
for an extensive re view). Therefore, on the basis of this 
fact and the known role of PGC-la in regulating expres- 
sion of key components of the NMJ, we speculate that 
CR- and ET-induced increase in PGC-la mediates the 
protective effects of these interventions on the aging 
NMJ. Consistent with this view, transgenic mice with 
muscle-specific overexpression of PGC-la exhibit an at- 
tenuated degradation of NMJ integrity at an age where 
muscle is beginning to show initial signs of aging [52]. 
These data therefore provide a strong rationale for the 
idea that PGC-la is involved in aging-related alteration of 



NMJ stability. Additionally, both mRNA levels [52,69] and 
protein content of PGC-la are known to be reduced in 
aging muscle [72,73] (Figure 2A), although this was not 
seen in a recent study of aging mice [74]. In summary, be- 
cause of the protective influence of PGC-la overexpression 
on NMJ integrity with aging [52], declines in muscle PGC- 
la with aging could lead to impaired integrity of myofiber 
innervation, whereas upregulation of PGC-la with CR and 
ET could explain the protection of the NMJ with aging by 
these interventions. 

PGC-la in aging-related denervation 

Given the fact that PGC-la is usually considered as the 
master regulator of mitochondrial biology [75,76] it is pos- 
sible that at least some of its protective effects on muscle 
innervation with aging [52] may be mediated by improved 
mitochondrial function. Indeed, alterations of different as- 
pects of mitochondrial biology, including apoptotic signal- 
ing [17], altered energetics [77,78] and increased ROS 
production [79], are proposed to contribute to the devel- 
opment of sarcopenia. However, a recent comprehensive 
analysis of these aspects of mitochondrial function in four 
muscles experiencing different degrees of aging-related at- 
rophy challenged this notion, as there was no relationship 
between degree of atrophy and mitochondrial dysfunction 
[80]. Indeed, the nature of the alterations in mitochondrial 
function in aging muscle, which included a modest eleva- 
tion of ROS and sensitization of the mitochondria to an 
apoptotic challenge [80], were strikingly similar to the ef- 
fects of surgical denervation on mitochondrial function 
[81]. Therefore, as these results suggest that intrinsic 
changes in mitochondrial function may not be a primary 
defect involved in aging-related atrophy, the prevention of 
muscle atrophy seen after ET, CR, or when PGC-la is 
overexpressed, may be independent of PGC-la s effect on 
mitochondrial function. Further to this point, it is import- 
ant to note that controversies about the role played by 
PGC-la in mediating ET-induced mitochondrial biogen- 
esis in skeletal muscle exist [82-84]. 

As mentioned above, recent findings indicate that 
PGC-la is directly involved in regulating the expression of 
proteins required to maintain NMJ integrity. Using muscle- 
specific PGC-la knockout and PGC-la overexpressing 
mice, Handschin et al recently demonstrated that PGC-la 
regulates the expression of key proteins involved in the 
maintenance of the NMJ [70], including muscle-specific kin- 
ase (MuSK), a tyrosine kinase in muscle that coordinates 
signals involved in clustering of AChRs in the postsynaptic 
membrane of the NMJ [85]. The decrease in PGC-la ex- 
pression widely reported in aged muscles could thus trigger 
NMJ instability that ultimately leads to myofiber denerv- 
ation through a decrease in MuSK expression and altered 
downstream signaling that is essential to maintaining the 
structural organization of the AChRs on the postjunctional 
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Figure 2 Aging-related changes in PGC-1a and muscle-specific kinase (MuSK). (A) Aging-related changes in PGC-1a expression. Data 
adapted from [69] (with permission from Oxford University Press), where PGC-1a expression was determined in gastrocnemius muscle of young 
adult (YA; 8 to 10 months) late middle-aged (LMA; 30 months) and senescent (SEN; 35 months) Fisher 344/Brown Norway F1 hybrids rats. Note 
the dramatic decrease in muscle PGC-1a expression from adulthood to LMA and its partial recovery from LMA to SEN. (B) Evidence for 
aging-related decrease in MuSK content at the neuromuscular junction (NMJ). MuSK protein content at the NMJ was determined in situ by 
immunolabeling plantaris cross-sections from YA (6 months) and SEN (35 months) rats with DAPI (labeling nuclei - blue in merge image), 
a-bungarotoxin (labeling acetylcholine receptors - green in merge image), and anti-MuSK antibody (kindly provided by Dr. Markus Ruegg; red in 
merge image) using protocols we previously described [22,57]. A control slide, for which the incubation with the anti-MuSK antibody was 
omitted, is presented at the bottom of panel B. White arrows point toward a NMJ having very low MuSK protein content in SEN muscle. (C) 
Aging-related changes in PGC-1a determined in situ. Cross-sections of the white (glycolytic) gastrocnemius region of one YA and SEN rat were 
immunolabeled for PGC-1a (green), dystrophin (red) and nuclei (blue) according to methods described in [22]. The anti-PGC-1a antibody was 
purchased from Millipore (AB3242; Millipore, Billerica, MA, USA). PGC-1a content was quantified by tracing each fiber using ImageJ (images on the 
right). A control slide, for which incubation with the anti-PGC-1a antibody was omitted, is presented at the bottom. The graph on the right 
presents PGC-1a content as a function of fiber size. *P <0.05 vs. YA, # P <0.05 vs. small fibers (<1 000 urn 2 ). DAPI, 4',6'-diamidino-2-phenylindole; 
PGC-la, peroxisome proliferator-activated receptor gamma coactivator 1 -alpha. 



membrane. In support of this hypothesis, we collected pre- 
liminary data suggesting that MuSK protein content at the 
level of the NMJ is decreased in the PL muscle of senescent 
(SEN) rats as compared to their YA counterparts (Figure 2B). 
Also consistent with an important role for a decline in 



MuSK signaling in causing aging muscle atrophy, a mouse 
transgenically modified to overexpress neurotrypsin [65], an 
endogenous protease that inactivates neural agrin [86] and 
thereby decreases MuSK activity [85], also causes precocious 
aging muscle atrophy with hallmark features we see in 
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Figure 3 PGC-la in aging-related denervation/reinnervation cycles: a hypothetical mechanism. In adult muscle (1), PGC-1a is known to 
regulate expression of proteins involved in neuromuscular junction integrity, such as muscle-specific kinase (MuSK) and three acetylcholine 
receptor subunits. We hypothesize that decline in PGC-1a expression with aging (see Figure 2) leads to a decreased expression of MuSK and 
acetylcholine receptor subunits (2), therefore promoting neuromuscular instability (3) and subsequent loss of innervation and decrease in fiber 
size (4). We also hypothesize that changes in cellular conditions secondary to denervation (namely, an increase in mitochondrial reactive oxygen 
species generation) promotes an increase in PGC-1a expression which ultimately, through an increase in the expression of MuSK and 
acetylcholine receptor subunits (5), promotes muscle fiber reinnervation and partial recovery of fiber size (6). At advanced stages of aging, the 
blunted response of PGC-1a may prevent successful reinnervation and therefore aggravate the decrease in fiber size (5). PGC-la, peroxisome 
proliferator-activated receptor gamma coactivator 1 -alpha. 



normally aging muscle (noted in the section "Denervation 
as a primary cause of sarcopenia"). 

How could PGC-la drive aging-related reinnervation? 

As mentioned previously, >90% of the very small fibers 
(<1000 |im 2 ) whose accumulation tracks the accelerat- 
ing trajectory of whole muscle atrophy with aging [45] 
appear to be denervated based upon expression of the 
denervation-specific sodium channel, Nav 15 [22]. Inter- 
estingly, these very small fibers contain high levels of pro- 
tein carbonyls [87], indicating that these fibers undergo 
oxidative stress with aging. In explaining this observa- 
tion, experimental denervation increases mitochondrial 
ROS production [88], and thus, it is reasonable to ex- 
pect mitochondrial ROS generation to increase in the 



sporadically denervated myofibers seen in aging muscle. 
Interestingly, high levels of ROS can increase PGC-la 
expression, either directly or indirectly through adeno- 
sine monophosphate-activated protein kinase (AMPK) 
activation [89]. Although AMPK hyperactivation can trig- 
ger the activation of a muscle atrophy program and has 
been suggested as a potential contributor to sarcopenia 
[90], we speculate that it might serve as an integrator of 
the increased mitochondrial ROS signal in denervated 
muscle fibers [88] to increase PGC-la activity/ expression. 
In turn, we hypothesize that this would facilitate an in- 
crease in MuSK that leads to reconstitution of the post- 
synaptic AChR cluster in preparation for reinnervation. In 
support of this hypothesis, we previously reported a partial 
recovery of PGC-la expression in SEN rats as compared 
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to their late middle-aged littermates [69] (see Figure 2A), 
an observation consistent with the high abundance of de- 
nervated myofibers at this age [22]. We also found, in a 
preliminary study, that in contrast to fibers with normal 
size (characterized by a significant decrease in PGC-la 
content), atrophied fibers (<1000 \im 2 in cross-sectional 
area) display a PGC-la content similar to that seen in 
YA fibers (Figure 2C). Additionally, PGC-la expression is 
upregulated in skeletal muscle of superoxide dismutase 
(SOD)" 7 " mice, an animal model exhibiting both increased 
oxidative stress and severe signs of denervation [91,92]. 
Thus, an increase in PGC-la expression following aging- 
related denervation, followed by an upregulation of MuSK 
(see above) and subsequent reaggregation of the postsyn- 
aptic AChRs, could explain the reinnervation phenomenon 
seen with muscle aging (Figure 3). 

Finally, a blunted response of the AMPK/PGC-la axis 
may undermine reinnervation in more advanced aged 
muscle. Indeed, the AMPK/PGC-la axis has been shown 
to be less responsive in aged skeletal muscle [93]. In this 
context, it is interesting to consider that 5 or 7 months of 
ET in rats from middle age to senescence did not increase 
muscle PGC-la content [94], suggesting that the response 
of PGC-la to metabolic stimuli is blunted at advanced 
stages of aging. This blunted response of PGC-la may im- 
pair transcriptional activation of NMJ components and 
lead to failure in reinnervation. This would explain why at 
advanced stages of aging denervation rates surpass 
reinnervation rates, leading to a marked accumulation 
of small angular denervated myofibers and causing a 
marked acceleration of muscle atrophy [22,45]. 

Conclusions 

As emphasized in the present review, data collected over 
the last few decades position denervation as a primary 
cause of sarcopenia. Here, we present a strong rationale 
for proposing that cyclic oscillations in PGC-la play a 
key role in the denervation/reinnervation cycles seen in 
aged muscle, through the transcriptional regulation of 
key proteins involved in the maintenance of NMJ integ- 
rity (Figure 3). On this basis, we argue that further stud- 
ies testing this hypothesis will provide a basis for more 
broadly understanding the therapeutic potential of PGC- 
la as a countermeasure for sarcopenia [95], as well as 
further illuminating the mechanisms of NMJ deterior- 
ation in aging muscle. Of particular importance will be 
testing the efficacy of PGC-la at ages where whole muscle 
atrophy becomes severe and thus most likely to yield clin- 
ical consequence. 

Abbreviations 

AChRs: Acetylcholine receptors; AMPK: Adenosine monophosphate-activated 
protein kinase; ATP: Adenosine triphosphate; CR: Caloric restriction; 
DAPI: 4',6'-diamidino-2-phenylindole; ET: Endurance training; MHC: Myosin 
heavy chain; MU: Motor unit; MUNE: Motor unit number estimation; 



MuSK: Muscle-specific kinase; Nav 15 : Voltage-sensitive sodium channel 1.5; 
NMJ: Neuromuscular junction; PGC-1a: Peroxisome proliferator-activated 
receptor gamma coactivator 1 -alpha; PL: Plantaris; ROS: Reactive oxygen 
species; SEN: Senescent; SOD: Superoxide dismutase; YA: Young adult. 

Competing interests 

The authors declare that they have no competing interests. 
Authors' contributions 

GG and RG carried out the experiments and analyzed the data. GG and RTH 
wrote the manuscript. MP, RG and YB revised and edited the manuscript. All 
authors read and approved the final manuscript. 

Acknowledgements 

This work was supported by operating grants from the Canadian Institutes 
for Health Research to RTH (MOP 1 19583 and MOP 57808). GG is supported 
by a postdoctoral fellowship from the McGill University Health Center. 

Author details 

department of Critical Care, McGill University Health Centre, 687 Pine Ave 
West, Montreal, QC H3A 1 Al, Canada, department of Medicine, McGill 
University, Royal Victoria Hospital, Montreal, QC, Canada, department of 
Kinesiology and Physical Education, McGill University, 475 Pine Ave West, 
Montreal, QC H2W 1S4, Canada. 4 Faculty of Pharmacy, Universite de 
Montreal, 2940, Chemin de la polytechnique, Montreal, QC H3C 3J7, Canada. 
5 Universite du Quebec A Montreal (UQAM), Faculte des sciences Pavilion des 
sciences biologiques (SB), Local: SB-4640 141, Avenue du President Kennedy, 
Montreal, Quebec H2X 1Y4, Canada. 6 Center for Mitochondrial and 
Epigenomic Medicine - CMEM, Children's Hospital of Philadelphia, University 
of Pennsylvania, Colket Translational Research Center, 3501 Civic Center Blvd, 
Room 6100, Philadelphia, PA 19104, USA. 

Received: 8 March 2013 Accepted: 19 June 2013 
Published: 1 August 2013 

References 

1. Rosenberg I: Summary comments: epidemiological and methodological 
problems in determining nutritional status of older persons. Am J Clin 
A/utr 1989, 50:1231-1233. 

2. Janssen I, Heymsfield SB, Ross R: Low relative skeletal muscle mass 
(sarcopenia) in older persons is associated with functional impairment 
and physical disability. J Am Geriatr Soc 2002, 50:889-896. 

3. Janssen I, Baumgartner RN, Ross R, Rosenberg IH, Roubenoff R: Skeletal 
muscle cutpoints associated with elevated physical disability risk in 
older men and women. Am J Epidemiol 2004, 159:413-421. 

4. Janssen I, Shepard DS, Katzmarzyk PT, Roubenoff R: The healthcare costs of 
sarcopenia in the United States. J Am Geriatr Soc 2004, 52:80-85. 

5. Nations U: World Population Ageing 2009. New York: United Nations; 2009. 

6. Perrini S, Laviola L, Carreira MC, Cignarelli A, Natalicchio A, Giorgino F: The 
GH/IGF1 axis and signaling pathways in the muscle and bone: 
mechanisms underlying age-related skeletal muscle wasting and 
osteoporosis. J Endocrinol 2010, 205:201-210. 

7. Srinivas-Shankar U, Wu FC: Frailty and muscle function: role for 
testosterone? Front Horm Res 2009, 37:133-149. 

8. Schaap LA, Pluijm SM, Deeg DJ, Visser M: Inflammatory markers and loss 
of muscle mass (sarcopenia) and strength. Am J Med 2006, 1 19:526. e9-1 7. 

9. Roubenoff R: Physical activity, inflammation, and muscle loss. Nutr Rev 
2007, 65:S208-S212. 

10. Beyer I, Mets T, Bautmans I: Chronic low-grade inflammation and age- 
related sarcopenia. Curr Opin Clin Nutr Metab Care 2012, 15:12-22. 

11. Dargelos E, Poussard S, Brule C, Daury L, Cottin P: Calcium-dependent 
proteolytic system and muscle dysfunctions: a possible role of calpains 
in sarcopenia. Biochimie 2008, 90:359-368. 

12. Rooyackers OE, Adey DB, Ades PA, Nair KS: Effect of age on in vivo rates of 
mitochondrial protein synthesis in human skeletal muscle. Proc Natl Acad 
SciUSA 1996, 93:15364-15369. 

13. Balagopal P, Rooyackers OE, Adey DB, Ades PA, Nair KS: Effects of aging on 
in vivo synthesis of skeletal muscle myosin heavy-chain and 
sarcoplasmic protein in humans. Am J Physiol 1997, 273:E790-E800. 

14. Kadi F, Charifi N, Denis C, Lexell J: Satellite cells and myonuclei in young 
and elderly women and men. Muscle Nerve 2004, 29:120-127. 



Gouspillou et al. Longevity & Healthspan 2013, 2:13 
http://www.longevityandhealthspan.eom/content/2/1/13 



15. Barani AE, Durieux AC, Sabido 0, Freyssenet D: Age-related changes in the 
mitotic and metabolic characteristics of muscle-derived cells. J Appl 
Physiol 2003, 95:2089-2098. 

1 6. Renault V, Thornell LE, Eriksson PO, Butler-Browne G, Mouly V: Regenerative 
potential of human skeletal muscle during aging. Aging Cell 2002, 1 :1 32-1 39. 

17. Marzetti E, Hwang JC, Lees HA, Wohlgemuth SE, Dupont-Versteegden EE, 
Carter CS, Bernabei R, Leeuwenburgh C: Mitochondrial death effectors: 
relevance to sarcopenia and disuse muscle atrophy. Biochim Biophys Acta 
2010, 1800:235-244. 

18. Aagaard P, Suetta C, Caserotti P, Magnusson SP, Kjaer M: Role of the 
nervous system in sarcopenia and muscle atrophy with aging: strength 
training as a countermeasure. Scand J Med Sci Sports 2010, 20:49-64. 

19. Edstrom E, Altun M, Bergman E, Johnson H, Kullberg S, Ramirez-Leon V, 
Ulfhake B: Factors contributing to neuromuscular impairment and 
sarcopenia during aging. Physiol Behav 2007, 92:129-135. 

20. Faulkner JA, Larkin LM, Claflin DR, Brooks SV: Age-related changes in the 
structure and function of skeletal muscles. Clin Exp Pharmacol Physiol 
2007, 34:1091-1096. 

21. Siu PM, Alway SE: Response and adaptation of skeletal muscle to 
denervation stress: the role of apoptosis in muscle loss. Front Biosci 2009, 
14:432-452. 

22. Rowan SL, Rygiel K, Purves-Smith FM, Solbak NM, Turnbull DM, Hepple RT: 
Denervation causes fiber atrophy and Myosin heavy chain co-expression 
in senescent skeletal muscle. PLoS One 2012, 7:e29082. 

23. Valdez G, Tapia JC, Kang H, Clemenson GD Jr, Gage FH, Lichtman JW, Sanes 
JR: Attenuation of age-related changes in mouse neuromuscular 
synapses by caloric restriction and exercise. Proc Natl Acad Sci USA 2010, 
107:14863-14868. 

24. Tomlinson BE, Irving D: The numbers of limb motor neurons in the 
human lumbosacral cord throughout life. J Neurol Sci 1977, 34:213-219. 

25. Mittal KR, Logmani FH: Age-related reduction in 8th cervical ventral 
nerve root myelinated fiber diameters and numbers in man. J Gerontol 
1987, 42:8-10. 

26. Kawamura Y, O'Brien P, Okazaki H, Dyck PJ: Lumbar motoneurons of man 
II: the number and diameter distribution of large- and intermediate- 
diameter cytons in "motoneuron columns" of spinal cord of man. 

J Neuropathol Exp Neurol 1 977, 36:861 -870. 

27. Kawamura Y, Dyck PJ: Lumbar motoneurons of man: III. The number and 
diameter distribution of large- and intermediate- diameter cytons by 
nuclear columns. J Neuropathol Exp Neurol 1977, 36:956-963. 

28. Kawamura Y, Okazaki H, O'Brien PC, Dych PJ: Lumbar motoneurons of 
man: I) number and diameter histogram of alpha and gamma axons of 
ventral root. J Neuropathol Exp Neurol 1977, 36:853-860. 

29. Sugiura M, Kanda K: Progress of age-related changes in properties of 
motor units in the gastrocnemius muscle of rats. J Neurophysiol 2004, 
92:1357-1365. 

30. Hashizume K, Kanda K, Burke RE: Medial gastrocnemius motor nucleus in 
the rat: age-related changes in the number and size of motoneurons. 

J Comp Neurol 1988, 269:425-430. 

31. Brown WF, Strong MJ, Snow R: Methods for estimating numbers of motor 
units in biceps-brachialis muscles and losses of motor units with aging. 
Muscle Nerve 1 988, 1 1 :423-432. 

32. Doherty TJ, Vandervoort AA, Taylor AW, Brown WF: Effects of motor unit losses 
on strength in older men and women. J Appl Physiol 1993, 74:868-874. 

33. McComas AJ: Motor unit estimation: anxieties and achievements. Muscle 
Nerve 1995, 18:369-379. 

34. Campbell MJ, McComas AJ, Petito F: Physiological changes in ageing 
muscles. J Neurol Neurosurg Psychiatry 1 973, 36:1 74-1 82. 

35. McNeil CJ, Doherty TJ, Stashuk DW, Rice CL: Motor unit number estimates 
in the tibialis anterior muscle of young, old, and very old men. Muscle 
Nerve 2005, 31:461-467. 

36. Roos MR, Rice CL, Vandervoort AA: Age-related changes in motor unit 
function. Muscle Nerve 1997, 20:679-690. 

37. Ansved T, Wallner P, Larsson L: Spatial distribution of motor unit fibres in 
fast- and slow-twitch rat muscles with special reference to age. Acta 
Physiol Scand 1991, 143:345-354. 

38. Larsson L, Ansved T, Edstrom L, Gorza L, Schiaffino S: Effects of age on 
physiological, immunohistochemical and biochemical properties of 
fast-twitch single motor units in the rat. J Physiol 1991, 443:257-275. 

39. Grounds MD: Reasons for the degeneration of ageing skeletal muscle: a 
central role for IGF-1 signalling. Biogerontology 2002, 3:19-24. 



Page 8 of 9 



40. Scelsi R, Marchetti C, Poggi P: Histochemical and ultrastructural aspects of 
m. vastuslateralis in sedentary old people (age 65-89 years). Acta 
Neuropathol 1980, 51:99-105. 

41. Lexell J, Downham D, Sjostrom M: Distribution of different fibre types in 
human skeletal muscles. Fibre type arrangement in m. vastuslateralis 
from three groups of healthy men between 15 and 83 years. J Neurol Sci 
1986, 72:211-222. 

42. Andersen JL: Muscle fibre type adaptation in the elderly human muscle. 

Scand J Med Sci Sports 2003, 1 3:40-47. 

43. Vandervoort AA: Aging of the human neuromuscular system. Muscle Nerve 
2002, 25:17-25. 

44. Lexell J, Downham DY: The occurrence of fibre-type grouping in healthy 
human muscle: a quantitative study of cross-sections of whole 
vastuslateralis from men between 15 and 83 years. Acta Neuropathol 
1991,81:377-381. 

45. Rowan SL, Purves-Smith FM, Solbak NM, Hepple RT: Accumulation of 
severely atrophic myofibers marks the acceleration of sarcopenia in slow 
and fast twitch muscles. Exp Gerontol 201 1, 46:660-669. 

46. Snow LM, McLoon LK, Thompson LV: Adult and developmental myosin 
heavy chain isoforms in soleus muscle of aging Fischer Brown Norway 
rat. Anat Rec A Discov Mol Cell Evol Biol 2005, 286:866-873. 

47. Kanda K, Hashizume K: Changes in properties of the medial 
gastrocnemius motor units in aging rats. J Neurophysiol 1989, 61:737-746. 

48. Deschenes MR, Roby MA, Eason MK, Harris MB: Remodeling of the 
neuromuscular junction precedes sarcopenia related alterations in 
myofibers. Exp Gerontol 2010, 45:389-393. 

49. Cardasis CA, LaFontaine DM: Aging rat neuromuscular junctions: a 
morphometric study of cholinesterase-stained whole mounts and 
ultrastructure. Muscle Nerve 1987, 10:200-213. 

50. Fahim MA, Robbins N: Ultrastructural studies of young and old mouse 
neuromuscular junctions. J Neurocytol 1982, 1 1:641-656. 

51. Rosenheimer JL: Ultraterminal sprouting in innervated and partially 
denervated adult and aged rat muscle. Neuroscience 1990, 38:763-770. 

52. WenzT, Rossi SG, Rotundo RL, Spiegelman BM, Moraes CT: Increased 
muscle PGC-1 alpha expression protects from sarcopenia and metabolic 
disease during aging. Proc Natl Acad Sci USA 2009, 106:20405-20410. 

53. Balice-Gordon RJ: Age-related changes in neuromuscular innervation. 
Muscle Nerve Suppl 1997, 5:S83-S87. 

54. Oda K Age changes of motor innervation and acetylcholine receptor 
distribution on human skeletal muscle fibres. J Neurol Sci 1 984, 66:327-338. 

55. Wokke JH, Jennekens FG, van den Oord CJ, Veldman H, Smit LM, Leppink 
GJ: Morphological changes in the human end plate with age. J Neurol Sci 
1990, 95:291-310. 

56. Andersen JL, Terzis G, Kryger A: Increase in the degree of coexpression of 
myosin heavy chain isoforms in skeletal muscle fibers of the very old. 
Muscle Nerve 1 999, 22:449-454. 

57. Purves-Smith FM, Solbak NM, Rowan SL, Hepple RT: Severe atrophy of slow 
myofibers in aging muscle is concealed by myosin heavy chain co- 
expression. Exp Gerontol 2012, 47:913-918. 

58. Carter EE, Thomas MM, Murynka T, Rowan SL, Wright KJ, Huba E, Hepple RT: 
Slow twitch soleus muscle is not protected from sarcopenia in senescent 
rats. Exp Gerontol 2010, 45:662-670. 

59. Patterson MF, Stephenson GM, Stephenson DG: Denervation produces 
different single fiber phenotypes in fast- and slow-twitch hindlimb 
muscles of the rat. Am J Physiol Cell Physiol 2006, 291 :C51 8-C528. 

60. Matsuda R, Spector D, Strohman RC: Denervated skeletal muscle displays 
discoordinate regulation for the synthesis of several myofibrillar 
proteins. Proc Natl Acad Sci USA] 984, 81 :1 1 22-1 1 25. 

61 . Kallen RG, Sheng ZH, Yang J, Chen LQ, Rogart RB, Barchi RL: Primary structure 
and expression of a sodium channel characteristic of denervated and 
immature rat skeletal muscle. Neuron 1990, 4:233-242. 

62. Yang JS, Sladky JT, Kallen RG, Barchi RL: TTX-sensitive and TTX-insensitive 
sodium channel mRNA transcripts are independently regulated in adult 
skeletal muscle after denervation. Neuron 1991, 7:421-427. 

63. Chai RJ, Vukovic J, Dunlop S, Grounds MD, Shavlakadze T: Striking 
denervation of neuromuscular junctions without lumbar motoneuron 
loss in geriatric mouse muscle. PLoS One 201 1, 6:e28090. 

64. Dupuis L, de Aguilar JLG, Echaniz-Laguna A, Eschbach J, Rene F, Oudart H, 
Halter B, Huze C, Schaeffer L, Bouillaud F, Loeffler JP: Muscle mitochondrial 
uncoupling dismantles neuromuscular junction and triggers distal 
degeneration of motor neurons. PLoS One 2009, 4:e5390. 



Gouspillou et al. Longevity & Healthspan 2013, 2:13 
http://www.longevityandhealthspan.eom/content/2/1/13 



Page 9 of 9 



65. Butikofer L, Zurlinden A, Bolliger MF, Kunz B, Sonderegger P: Destabilization 
of the neuromuscular junction by proteolytic cleavage of agrin results in 
precocious sarcopenia. FASEB J 201 1, 25:4378-4393. 

66. Hepple RT, Baker DJ, Kaczor JJ, Krause DJ: Long-term caloric restriction 
abrogates the age-related decline in skeletal muscle aerobic function. 
FASEB J 2005, 19:1320-1322. 

67. Song W, Kwak HB, Lawler JM: Exercise training attenuates age-induced 
changes in apoptotic signaling in rat skeletal muscle. Antioxid Redox 
Signal 2006, 8:517-528. 

68. Coggan AR, Spina RJ, King DS, Rogers MA, Brown M, Nemeth PM, Holloszy 
JO: Skeletal muscle adaptations to endurance training in 60- to 70-yr-old 
men and women. J Appl Physiol 1 992, 72:1 780-1 786. 

69. Baker DJ, Betik AC, Krause DJ, Hepple RT: No decline in skeletal muscle 
oxidative capacity with aging in long-term calorically restricted rats: 
effects are independent of mitochondrial DNA integrity. J Gerontol A Biol 
SciMed So 2006, 61:675-684. 

70. Handschin C, Kobayashi YM, Chin S, Seale P, Campbell KP, Spiegelman BM: 
PGC-1 alpha regulates the neuromuscular junction program and 
ameliorates Duchenne muscular dystrophy. Genes Dev 2007, 21:770-783. 

71 . Canto C, Auwerx J: PGC-1 alpha, SIRT1 and AMPK, an energy sensing network 
that controls energy expenditure. Cuff Opin Lipidol 2009, 20:98-105. 

72. Chabi B, Ljubicic V, Menzies KJ, Huang JH, Saleem A, Hood DA: 
Mitochondrial function and apoptotic susceptibility in aging skeletal 
muscle. Aging Cell 2008, 7:2-12. 

73. Joseph AM, Adhihetty PJ, Buford TW, Wohlgemuth SE, Lees HA, Nguyen LM, 
Aranda JM, Sandesara BD, Pahor M, Manini TM, Marzetti E, Leeuwenburgh C: 
The impact of aging on mitochondrial function and biogenesis 
pathways in skeletal muscle of sedentary high- and low-functioning 
elderly individuals. Aging Cell 2012, 1 1:801-809. 

74. Jackson JR, Ryan MJ, Alway SE: Long-term supplementation with 
resveratrol alleviates oxidative stress but does not attenuate sarcopenia 
in aged mice. J Gerontol A Biol Sci Med Sci 201 1 , 66:751-764. 

75. Arany Z: PGC-1 coactivators and skeletal muscle adaptations in health 
and disease. Cuff Opin Genet Dev 2008, 18:426-434. 

76. Handschin C, Spiegelman BM: Peroxisome proliferator-activated receptor 
gamma coactivator 1 coactivators, energy homeostasis, and metabolism. 
Endocf Rev 2006, 27:728-735. 

77. Gouspillou G, Bourdel-Marchasson I, Rouland R, Calmettes G, Franconi JM, 
Deschodt-Arsac V, Diolez P: Alteration of mitochondrial oxidative 
phosphorylation in aged skeletal muscle involves modification of 
adenine nucleotide translocator. Biochim Biophys Acta 2010, 1797:143-151. 

78. Dirks AJ, Hofer T, Marzetti E, Pahor M, Leeuwenburgh C: Mitochondrial 
DNA mutations, energy metabolism and apoptosis in aging muscle. 
Ageing Res Rev 2006, 5:1 79-1 95. 

Capel F, Buffiere C, Patureau Mirand P, Mosoni L: Differential variation of 
mitochondrial H202 release during aging in oxidative and glycolytic 
muscles in rats. Mech Ageing Dev 2004, 125:367-373. 
Picard M, Ritchie D, Thomas MM, Wright KJ, Hepple RT: Alterations in intrinsic 
mitochondrial function with aging are fiber type-specific and do not explain 
differential atrophy between muscles. Aging Cell 201 1, 10:1047-1055. 
Csukly K, Ascah A, Matas J, Gardiner PF, Fontaine E, Burelle Y: Muscle 
denervation promotes opening of the permeability transition pore and 
increases the expression of cyclophilin D. J Physiol 2006, 574:319-327. 
Rowe GC, ELKhoury R, Patten IS, Rustin P, Arany Z: PGC-1 alpha is 
dispensable for exercise-induced mitochondrial biogenesis in skeletal 
muscle. PLoS One 2012, 7:e41817. 

83. Timmons JA, Knudsen S, Rankinen T, Koch LG, Sarzynski M, Jensen T, Keller 
P, Scheele C, Vollaard NB, Nielsen S, Akerstrom T, MacDougald OA, Jansson 
E, Greenhaff PL, Tarnopolsky MA, van Loon LJ, Pedersen BK, Sundberg CJ, 
Wahlestedt C, Britton SL, Bouchard C: Using molecular classification to 
predict gains in maximal aerobic capacity following endurance exercise 
training in humans. J Appl Physiol 2010, 108:1487-1496. 

84. Geng T, Li P, Okutsu M, Yin X, Kwek J, Zhang M, Yan Z: PGC-1 alpha plays a 
functional role in exercise-induced mitochondrial biogenesis and 
angiogenesis but not fiber-type transformation in mouse skeletal 
muscle. Am J Physiol Cell Physiol 2010, 298:C572-C579. 

85. Wu H, Xiong WC, Mei L: To build a synapse: signaling pathways in 
neuromuscular junction assembly. Development 201 0, 137:1017-1033. 

86. Stephan A, Mateos JM, Kozlov SV, Cinelli P, Kistler AD, Hettwer S, Rulicke T, 
Streit P, Kunz B, Sonderegger P: Neurotrypsin cleaves agrin locally at the 
synapse. FASEB J 2008, 22:1 861 -1 873. 



79. 



81. 



82. 



87. Thomas MM, Khan W, Betik AC, Wright KJ, Hepple RT: Initiating exercise 
training in late middle age minimally protects muscle contractile 
function and increases myocyte oxidative damage in senescent rats. Exp 

Gerontol 2010, 45:856-867. 

88. Muller FL, Song W, Jang YC, Liu Y, Sabia M, Richardson A, Van Remmen H: 
Denervation-induced skeletal muscle atrophy is associated with 
increased mitochondrial ROS production. Am J Physiol Regul Integr Comp 
Physiol 2007, 293:R1 159-R1 168. 

89. Irrcher I, Ljubicic V, Hood DA: Interactions between ROS and AMP kinase 
activity in the regulation of PGC-1 alpha transcription in skeletal muscle 
cells. Am J Physiol Cell Physiol 2009, 296:C1 16-C123. 

90. Gordon SE, Lake J A, Westerkamp CM, Thomson DM: Does AMP-activated 
protein kinase negatively mediate aged fast-twitch skeletal muscle 
mass? Exerc Sport Sci Rev 2008, 36:1 79-1 86. 

91. Jang YC, Lustgarten MS, Liu Y, Muller FL, Bhattacharya A, Liang H, Salmon 
AB, Brooks SV, Larkin L, Hayworth CR, Richardson A, Van Remmen H: 
Increased superoxide in vivo accelerates age-associated muscle atrophy 
through mitochondrial dysfunction and neuromuscular junction 
degeneration. FASEB J 201 0, 24:1 376-1 390. 

92. Kostrominova TY: Advanced age-related denervation and fiber-type 
grouping in skeletal muscle of SOD1 knockout mice. Free Radio Biol Med 
2010, 49:1582-1593. 

93. Reznick RM, Zong H, Li J, Morino K, Moore IK, Yu HJ, Liu ZX, Dong J, 
Mustard KJ, Hawley SA, Befroy D, Pypaert M, Hardie DG, Young LH, Shulman 
Gl: Aging-associated reductions in AMP-activated protein kinase activity 
and mitochondrial biogenesis. Cell Metab 2007, 5:151-156. 

94. Betik AC, Thomas MM, Wright KJ, Riel CD, Hepple RT: Exercise training from 
late middle age until senescence does not attenuate the declines in 
skeletal muscle aerobic function. Am J Physiol Regul Integr Comp Physiol 
2009, 297:R744-R755. 

95. Handschin C, Spiegelman BM: The role of exercise and PGC1 alpha in 
inflammation and chronic disease. Nature 2008, 454:463-469. 



doi:1 0.1 186/2046-2395-2-1 3 

Cite this article as: Gouspillou et al.: Role of peroxisome proliferator- 
activated receptor gamma coactivator 1 -alpha (PGC-1 a) in denervation- 
induced atrophy in aged muscle: facts and hypotheses. Longevity & 
Healthspan 2013 2:13. 



Submit your next manuscript to BioMed Central 
and take full advantage of: 

• Convenient online submission 

• Thorough peer review 

• No space constraints or color figure charges 

• Immediate publication on acceptance 

• Inclusion in PubMed, CAS, Scopus and Google Scholar 

• Research which is freely available for redistribution 



Submit your manuscript at 
www.biomedcentral.com/submit 



o 



BioMed Central 



